Rationale: Macrophages cannot limit the uptake of lipids and rely on cholesterol efflux mechanisms for maintaining cellular cholesterol homeostasis. Important mediators of macrophage cholesterol efflux are ATP-binding cassette transporter 1 (ABCA1), which mediates the efflux of cholesterol to lipid-poor apolipoprotein AI, and scavenger receptor class B type I (SR-BI), which promotes efflux to mature high-density lipoprotein.
teins. 7, 8 Furthermore, HDL levels are not affected in genetically engineered mice lacking ABCG1. 8 Disruption of ABCG1 specifically in macrophages has only a moderate effect on atherosclerotic lesion development. 9 -11 Combined deletion of ABCA1 and ABCG1 on macrophages, however, led to a major impairment of cholesterol mass efflux to apoAI and HDL and a dramatic accumulation of foam cells in tissues. [12] [13] [14] Transplantation of ABCA1/ABCG1 double knockout (KO) bone marrow into low-density lipoprotein receptor KO (LDLr KO) mice led only to modest atherosclerosis when challenged with a Western-type diet (WTD), which was associated with markedly decreased plasma cholesterol levels. 12 In heterozygous LDLr KO mice fed a high cholesterol/cholate diet, disruption of ABCA1 and ABCG1 in bone marrow-derived cells, however, did not affect serum cholesterol levels and consequently led to markedly increased atherosclerotic lesion development as compared to mice receiving single ABCA1 KO or ABCG1 KO bone marrow. 14 These studies clearly illustrate the importance of studying the effects of combined deficiency of cholesterol transporters to establish the importance of a specific transporter for preventing foam cell formation and atherosclerotic lesion development in vivo.
In addition to ABCA1 and ABCG1, SR-BI has also been implicated in macrophage cholesterol efflux. SR-BI facilitates the transport of cholesterol from macrophages down a concentration gradient to mature HDL and mediates the selective uptake of cholesterol esters from HDL by the liver. 2, 3 Complete disruption of SR-BI function in mice is associated with the accumulation of abnormally large HDL particles in the circulation, reflecting impaired delivery of cholesteryl esters to the liver. 3 Bone marrow-specific deletion of SR-BI did not affect serum HDL cholesterol levels and inhibited early atherosclerotic development, 15 whereas the progression of advanced lesions was induced, [15] [16] [17] indicating a unique dual role for macrophage SR-BI in the pathogenesis of atherosclerosis. Recent studies using macrophages from SR-BI KO mice and inhibitors of SR-BI-and ABCA1-mediated efflux showed that macrophage SR-BI does not promote cholesterol efflux from murine macrophages in culture. 18 In addition, reverse transport of cholesterol from SR-BI KO macrophages to feces after transfer into wild-type (WT) C57BL/6 mice was not affected. 19 Based on these studies, the role of macrophage SR-BI for cellular cholesterol efflux was considered to be limited. However, studies from Yancey et al demonstrated that macrophages with a combined deficiency of SR-BI and apoE display a reduced efflux capacity and accumulate free cholesterol in lysosomes. 20 Moreover, recently Cuchel et al showed that free cholesterol mobilization in vivo in response to reconstituted HDL infusion is primarily mediated by SR-BI and not ABCA1 or ABCG1. 21 In addition, overexpression of apoAI in heterozygous LDLr KO mice can protect against atherosclerosis in the absence of macrophage ABCG1 and ABCA1. 22 Thus, SR-BI might be more important for controlling cellular cholesterol homeostasis in vivo than was initially anticipated.
In the present study, we investigated the putative synergistic effects of combined disruption of ABCA1 and SR-BI in bone marrow-derived cells and thus macrophages on li-poprotein metabolism and atherosclerosis. Our results indicate that both ABCA1 and SR-BI in macrophages have a significant protective role in foam cell formation and WTDinduced atherosclerotic lesion development in vivo.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Briefly, bone marrow transplantations were performed with ABCA1/SR-BI double KO mice as donors and LDLr KO mice as recipients. Plasma lipids were determined by enzymatic colorimetric assays and cytokines in serum by using the mouse Bio-Plex suspension array (Bio-Rad, Sweden). For histological analysis, cryostat sections were routinely stained with oil red O. Peritoneal leukocytes were analyzed with a hematology cell analyzer. Atherosclerotic lesion areas in oil red O-stained cryostat sections of the aortic root and coronary arteries and en face lesions in the aortic arch and thoracic aorta were quantified using the Leica image analysis system. Macrophage-cholesterol efflux studies were performed using bone marrow-derived macrophages and thioglycollate-elicited macrophages.
Results

Reduced Very-Low-Density Lipoprotein/LDL Cholesterol Levels by Combined Deletion of ABCA1 and SR-BI in Bone Marrow-Derived Cells
To study the effects of combined macrophage ABCA1 and SR-BI deficiency on lipoprotein metabolism and atherosclerosis in vivo, LDLr KO recipient mice were transplanted with bone marrow from WT, ABCA1 KO, SR-BI KO, or ABCA1/ SR-BI double KO littermates. Deletion of ABCA1, SR-BI, or both ABCA1 and SR-BI in bone marrow-derived cells did not affect total serum cholesterol concentrations at 8 weeks after transplantation when fed a regular chow diet ( Figure 1A ). Furthermore, no significant effects were observed of single ABCA1 or combined ABCA1/SR-BI deletion on the cholesterol lipoprotein distribution profile on chow diet ( Figure 1B) . Single SR-BI deletion resulted in 1.7-fold (nϭ10, PϽ0.05) lower HDL cholesterol levels, whereas very-low-density lipoprotein (VLDL) and LDL cholesterol levels showed a tendency to increased values, but this failed to reach statisti-cal significance. At 8 weeks after bone marrow transplantation, the diet was switched from regular chow diet to a WTD, containing 15% (wt/wt) total fat and 0.25% (wt/wt) cholesterol to induce atherosclerotic lesion development. After 10 weeks of feeding WTD, the effects on serum cholesterol levels and the lipoprotein distribution profiles were analyzed. The diet switch induced a large increase in serum cholesterol concentrations to 1856Ϯ111 mg/dL in the WT (nϭ12) and 1722Ϯ84 mg/dL in SR-BI KO (nϭ9) transplanted LDLr KO mice. In agreement with our previous studies, 4,13 deletion of ABCA1 in bone marrow-derived cells resulted in lower serum cholesterol levels on challenge with WTD (1429Ϯ78 mg/dL, nϭ8, PϽ0.01). Interestingly, more dramatically lower serum cholesterol levels were found in the ABCA1/ SR-BI double KO transplanted animals on challenge with WTD (812Ϯ84 mg/dL, nϭ11, PϽ0.001 as compared to WT transplanted animals) ( Figure 1C ). In the WT and SR-BI KO transplanted groups the increase in serum cholesterol was mainly attributable to increased VLDL and LDL levels ( Figure 1D ). Also in the mice reconstituted with ABCA1 KO bone marrow, a clear increase in VLDL and LDL levels was observed, although to a lesser extent as compared to the mice transplanted with WT or SR-BI KO bone marrow. The increase in VLDL and LDL in the ABCA1/SR-BI double KO transplanted animals, however, was largely attenuated as compared to the other 3 groups ( Figure 1D ).
To investigate the effects of combined deletion of ABCA1 and SR-BI in bone marrow-derived cells on cholesterol homeostasis, food intake, and cholesterol absorption by the animals was analyzed at 16 weeks after transplant after 8 weeks of WTD feeding. Food intake was reduced by 15% (PϽ0.01) in ABCA1/SR-BI double KO transplanted animals (2.16Ϯ0.13 g/d, nϭ6) as compared to WT transplanted mice (2.55Ϯ0.28 g/d, nϭ6). Moreover, the intestinal cholesterol absorption was mildly reduced by 27% (PϽ0.05, nϭ4) in ABCA1/SR-BI double KO transplanted animals as compared to controls, whereas triglyceride absorption was reduced by 43% (PϽ0.05, nϭ4). In addition, we tested whether combined ABCA1 and SR-BI deletion in bone marrow-derived cells affected VLDL synthesis by in vivo inactivation of lipolysis using Triton WR1339. The VLDL production rate was significantly lower in mice lacking ABCA1 and SR-BI in bone marrow-derived cells (1814Ϯ228 g/mL per hour, nϭ3) as compared to control transplanted animals (3337Ϯ570 g/mL per hour, nϭ3, PϽ0.01). In addition, a 1.8-fold reduction in hepatic HMG-CoA (hydroxymethylglutaryl-coenzyme A) reductase mRNA expression from 0.30Ϯ0.5 in WT to 0.17Ϯ0.2 in ABCA1/SR-BI double KO transplanted animals (nϭ4, PϽ0.05) was observed. Hepatic lipase mRNA expression in the liver was not affected (data not shown). In summary, reduced food intake, impaired intestinal lipid absorption, and reduced VLDL production by the liver will have contributed to the observed reduction in serum cholesterol levels in de ABCA1/SR-BI double KO transplanted animals.
Enhanced Atherosclerotic Lesion Development in the Aortic Root on Combined Deletion of ABCA1 and SR-BI in Bone Marrow-Derived Cells
Atherosclerotic lesion development was analyzed in cryostat sections of the aortic root after 10 weeks of WTD feeding (18 weeks after transplant). As anticipated, deletion of ABCA1 and/or SR-BI in bone marrow-derived cells resulted in total erasure of the respective proteins in the lesions of the transplanted mice ( Figure 2A ). Selective disruption of either ABCA1 or SR-BI in bone marrow-derived cells induced a 1.4-fold (PϽ0.001) and 1.5-fold (PϽ0.001) increase in the mean atherosclerotic lesion size as compared to WT transplanted animals, respectively ( Figure 2B ). Thus, as previously demonstrated, both leukocyte ABCA1 4,5 and SR-BI 16 -18 have an important role in the protection against atherosclerosis. Combined deletion of ABCA1 and SR-BI in bone marrow-derived cells resulted in a more dramatic 2.0-fold (PϽ0.001) increase in the mean atherosclerotic lesion area compared to WT ( Figure 2B ). In addition, the lesion size in the ABCA1/SR-BI double KO transplanted animals was also significantly larger as compared to mice transplanted with single ABCA1 KO or SR-BI KO bone marrow (1.4-and 1.3-fold, respectively, PϽ0.01). Morpho- metric analysis of the composition of the lesions showed that the macrophage content of the lesions of LDLr KO mice transplanted with ABCA1/SR-BI double KO bone marrow (31Ϯ4%, nϭ9) was significantly reduced as compared to WT, single ABCA1 KO, and single SR-BI KO transplanted animals (46Ϯ6% [nϭ11, PϽ0.05], 41Ϯ4% [nϭ8, PϽ0.01], and 49Ϯ5% [nϭ8, PϽ0.01], respectively). In addition, a significant increase in the necrotic core content of lesions of ABCA1/SR-BI double KO transplanted animals (21Ϯ2%, nϭ9) was observed as compared to WT, single ABCA1 KO, and single SR-BI KO transplanted animals (8Ϯ2% [nϭ10, PϽ0.01], 15Ϯ3% [nϭ8, PϽ0.05], and 10Ϯ2% [nϭ8, PϽ0.05], respectively). No effect was observed on the collagen content of the lesions. The decreased macrophage content and increased necrotic area in atherosclerotic lesions of the ABCA1/SR-BI double KO transplanted animals are consistent with the presence of more advanced lesions.
In addition to the aortic root, lesion development was also determined in the aortic arch, thoracic aorta, and right coronary artery after 10 weeks of WTD feeding (Online Figure I) . In WT and SR-BI KO transplanted mice, 4.0Ϯ0.2% and 4.6Ϯ1.0%, respectively, of the aortic arch was covered with lesion. Single deletion of ABCA1 and combined deletion of ABCA1 and SR-BI in bone marrow-derived cells induced a similar 2.3-fold increase (PϽ0.01) in the vessel area covered by lesion. In the thoracic aorta, only 1.4Ϯ0.2% of the vessel was covered with lesion in WT transplanted mice. Deletion of SR-BI in bone marrow-derived cells resulted in a 3.5-fold decrease (PϽ0.05) in the area covered by lesion. Importantly, also in the thoracic aorta, no additional induction of lesion development was observed on combined deletion of ABCA1 and SR-BI as compared to single deletion of ABCA1 (2.9Ϯ0.7% and 3.2Ϯ0.5%, respectively). The lesion size in the coronary artery was 3.6Ϯ0.3ϫ10 3 and 3.6Ϯ0.4ϫ10 3 m 2 in mice transplanted with WT and SR-BI KO bone marrow, respectively, after 10 weeks of WTD feeding. Deletion of ABCA1 induced a 2.2-fold increase in coronary artery lesion size to 8.0Ϯ1.6ϫ10 3 m 2 (PϽ0.05), whereas lesions in ABCA1/SR-BI double KO transplanted animals were 9.0Ϯ1.5ϫ10 3 m 2 (PϽ0.05).
Massive Foam Cell Formation in Spleen and Peritoneum by Combined Deletion of ABCA1 and SR-BI in Bone Marrow-Derived Cells
To assess potential morphological changes associated with combined ABCA1 and SR-BI deficiency in bone marrowderived cells outside the vasculature, a necropsy of the transplanted mice was performed. Because of the WTD feeding period, massive lipid accumulation was induced in livers of the transplanted animals ( Figure 3 ). However, quantitative lipid analysis revealed no differences in lipid accumulation in the livers of the different groups of transplanted mice (data not shown). Microscopically, no heavily lipid-laden foam cells were evident in the liver. Furthermore, no foam cells were found in the lamina propria of the intestines, the largest reservoir of macrophages in the body, of either of the transplanted groups. The Peyer patches, lungs, and lymph nodes of the ABCA1/SR-BI double KO transplanted mice showed slightly enhanced lipid accumulation ( Figure 3 ). Most striking differences, however, were observed on spleen morphology. No significant effect of leukocyte SR-BI deficiency was observed on spleen weight (3.7Ϯ0.4 mg/g body weight [nϭ9] as compared to 3.8Ϯ0.3 mg/g [nϭ9] for WT transplanted mice, PϾ0.05). ABCA1 and combined deletion of ABCA1 and SR-BI, however, induced a 1.6-fold (6.0Ϯ0.9 mg/g, nϭ9, PϽ0.05) and a 4.5-fold (17.1Ϯ3.1 mg/g, nϭ9, PϽ0.001) increase in spleen weight, respectively. Analysis of oil red O-stained sections of the spleen indicated that WT and SR-BI KO transplanted animals displayed only a few lipid-laden cells in the spleen ( Figure  4A ). Deletion of ABCA1 in bone marrow-derived cells resulted in slightly enhanced accumulation of lipid-laden cells. However, spleens of the mice transplanted with ABCA1/SR-BI double KO bone marrow displayed massive lipid loading. The lipid loading was especially evident in the red pulp of the spleen, constituting the reticuloendothelial system of the spleen, where it colocalized with macrophages ( Figure 4B ). Analyses of the lipid content of the spleens showed no significant effect of combined ABCA1 and SR-BI deletion in bone marrow on phospholipid, triglyceride, and free cholesterol concentrations. However, substantial effects were observed on cholesteryl ester accumulation. Single ABCA1 deletion induced a 3.7-fold (nϭ5, PϽ0.05) increase in the cholesteryl ester content of the spleen as compared to WT transplanted animals, whereas single SR-BI deficiency in bone marrow resulted in 3-fold (nϭ5) lower splenic cholesteryl ester levels, which failed to reach statistical significance ( Figure 4C ). Combined deletion of bone marrow ABCA1 and SR-BI, however, induced a dramatic 12.5-fold (nϭ5, PϽ0.05) increase in cholesteryl ester accumulation in spleens.
Interestingly, in addition to the observed increase in spleen size, more lipid-laden macrophages were also present in the peritoneum of mice reconstituted with ABCA1/SR-BI double KO bone marrow (22Ϯ1.2%, nϭ11, PϽ0.001), compared to the WT reconstituted animals (2.5Ϯ0.5%, nϭ12) ( Figure 5 ). In the peritoneum, increased numbers lipid-laden cells were also observed in single ABCA1 KO transplanted animals (7.5Ϯ1.1%, nϭ8, PϽ0.01), but the effect was less severe as compared to combined deletion of ABCA1 and SR-BI. In addition, a tendency to reduced lipid loading was observed in peritoneal macrophages from mice reconstituted with SR-BI KO bone marrow (0.2Ϯ0.04%, nϭ9, PϾ0.05), in line with the dual function of SR-BI in macrophage foam cell formation and atherosclerotic lesion development. 15 Quantitative analysis of the lipid content of the peritoneal leukocytes confirmed that combined deletion of ABCA1 and SR-BI resulted in a highly significant (PϽ0.001) increase in cholesterol ester accumulation in peritoneal macrophages as compared to single deletion of ABCA1 (WT:
Combined Deletion of ABCA1 and SR-BI Leads to Reduced Cholesterol Efflux Capacity From Macrophages to Both apoAI and HDL
To gain more insight into the mechanism behind the massive lipid accumulation in peritoneal leukocytes and macrophages of the spleen, in vitro cholesterol efflux experiments were performed ( Figure 6A ). As shown previously, 15 macrophage SR-BI deficiency resulted in 24% (nϭ8, PϽ0.01) lower cholesterol efflux to HDL. Combined deletion of ABCA1 and SR-BI resulted in a similar 20% (nϭ8, PϽ0.05) decrease in cholesterol efflux to HDL. In addition, macrophages lacking both ABCA1 and SR-BI showed an almost complete absence 
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Circulation Research December 10, 2010 of apoAI-induced cholesterol efflux, similar to ABCA1deficient macrophages. To exclude that the observed effects on cholesterol efflux might be the consequence of downregulation of ABCG1, the expression of the major cholesterol transporters was analyzed by Western blotting ( Figure 6B ). As expected, in cells from ABCA1-deficient mice, ABCA1 was absent, whereas cells from the SR-BI KO mice lacked SR-BI expression. ABCG1 expression was similarly upregulated in all 3 groups as compared to WT macrophages, indicating that differences in HDL cholesterol efflux were not due differences in ABCG1 expression.
Cholesterol efflux experiments were also performed using macrophages laden with acetylated LDL. Under these conditions, however, no additional effect of combined deletion of ABCA1 and SR-BI over single deletion of ABCA1 was observed on cholesterol mass and 3 H-label efflux because of absence of SR-BI expression in all groups examined (Online Figure II) .
Increased Inflammation by Combined Deletion of ABCA1 and SR-BI in Bone Marrow-Derived Cells
Studies in patients with Tangier disease have suggested a dual function for ABCA1 in both lipid metabolism and inflammation. 23 Furthermore, we have shown that disruption of ABCA1 in bone marrow-derived cells results in an enhanced recruitment of leukocytes into peripheral tissues. 4 In agreement with our earlier data, ABCA1 deficiency in bone marrow-derived cells resulted in a 2-fold (PϽ0.01) increase in the number of resident leukocytes in the peritoneal cavity (6.17Ϯ0.96ϫ10 6 cells [nϭ8] as compared to 3.15Ϯ0.33ϫ10 6 cells [nϭ12] for WT transplanted animals; Figure 7 ). No effect of single SR-BI deficiency was observed on peritoneal leukocyte counts (2.69Ϯ0.21ϫ10 6 cells). Interestingly, combined deletion of ABCA1 and SR-BI in bone marrowderived cells resulted in a more dramatic increase in peritoneal leukocyte accumulation (8.79Ϯ0.71ϫ10 6 cells; nϭ11, PϽ0.001 as compared to WT and SR-BI KO transplanted animals and PϽ0.01 as compared to ABCA1 KO reconstituted mice). As indicated in Figure 7 , the increased peritoneal leukocyte counts in the single ABCA1 KO reconstituted animals were the result of a 1.6-fold increase (nϭ8, PϽ0.05) in macrophage counts and a 3.2-fold increase (nϭ8, PϽ0.01) in lymphocytes. In the ABCA1/SR-BI double KO transplanted animals a similar increase in macrophage counts was observed. The lymphocyte counts, however, were more dramatically increased (5.4-fold, nϭ11, PϽ0.001). In addition, a striking accumulation of neutrophilic granulocytes was observed in the peritoneal cavity, accounting for 20% of the increase in the peritoneal leukocyte count in mice transplanted with ABCA1/SR-BI double KO bone marrow. Combined deletion of ABCA1 and SR-BI did not affect the peripheral WBC counts (5.6Ϯ0.6ϫ10 9 cells/L, nϭ12 as compared to 5.8Ϯ0.8ϫ10 9 cells/L, nϭ11 for WT transplanted animals), nor the percentile composition of the blood cells (data not shown). The increased neutrophil counts in the peritoneal cavity were thus primarily the result of increased recruitment of neutrophils. Because no thioglycollate or other additional trigger was used to elicit the recruitment of neutrophils, an endogenous trigger inside the peritoneal cavity most likely has caused the recruitment of the cells. It is interesting to speculate that this is the consequence of the extensive foam cell accumulation inside the peritoneal cavity. Next, live neutrophils inside the lesions were visualized using a naphthol AS-D chloroacetate esterase activity kit. Surprisingly, based on this esterase activity assay, no significantly higher neutrophil counts were observed within the atherosclerotic lesions of ABCA1/SR-BI double KO mice, Pϭ0.08). In addition to the esterase activity assay, an immunohistochemical staining for the neutrophil-specific marker Ly-6G was performed. Interestingly, using this staining, we did find a highly significant increase in the Ly-6Gpositive area of lesions of ABCA1/SR-BI double KO (5.2Ϯ0.8% [nϭ5], PϽ0.0001) versus WT (0.2Ϯ0.04% [nϭ5]) transplanted animals. Ly-6G staining was primarily localized in acellular regions of the corners of the necrotic areas of the lesions, indicating the increased presence of residues of neutrophils that had infiltrated the lesion.
An inflammatory response involves a complex set of events that, in addition to rearrangements of innate immune cell populations, include changes in the cytokine profiles. Therefore, also the serum cytokine levels were examined in the different groups of transplanted animals using a Bio-Plex suspension array. On chow diet, no effect on cytokine levels was observed (data not shown). After 4 weeks of WTD feeding, however, a significant 1.8-fold increase (nϭ6, PϽ0.01) in the proinflammatory cytokine KC (murine ortholog of interleukin [IL]-8) was observed in mice reconstituted with ABCA1/SR-BI double KO bone marrow, whereas no significant effect was observed on the other cytokines tested (IL-1␤, IL-6, IL-5, IL-10, IL-12, tumor necrosis factor [TNF]-␣, or RANTES). After 10 weeks of WTD feeding, an even more dramatic 17-fold (nϭ5, PϽ0.001) increase in KC levels was observed in the ABCA1/SR-BI double KO transplanted animals, and, under these conditions, IL-12p40 levels were also highly increased (11-fold, nϭ5, PϽ0.001; Figure  8 ). In addition, an increase in the antiinflammatory cytokines IL-5 and IL-10 was observed in the ABCA1/SR-BI double KO reconstituted animals. The levels of the antiinflammatory cytokines, however, remained substantially lower as compared to the proinflammatory cytokines (7.2Ϯ3.7 and 10.0Ϯ3.7 pg/mL for IL-5 and IL-10 as compared to 139Ϯ16 pg/mL and 858Ϯ192 pg/mL for KC and IL-12p40, respectively). The effects on the cytokine levels thus increase with a prolonged duration of the WTD feeding period.
No Increased Foam Cell Formation and Atherosclerosis in the Aortic Root as Result of Combined Deletion of ABCA1 and SR-BI in Bone Marrow-Derived Cells in LDLr KO Mice on Chow Diet
To investigate whether the WTD-induced increase in proinflammatory cytokines is required to induce massive foam cell formation and promote atherosclerotic lesion development in the aortic root on combined disruption of ABCA1 and SR-BI in bone marrow-derived cells of LDLr KO mice, a bone marrow transplantation experiment was performed and atherosclerotic lesion development was analyzed at 14 and 20 weeks after transplantation while maintaining the mice on regular chow diet. At 14 weeks, WT transplanted animals developed small foam cell-rich lesions with an average size of 85Ϯ8ϫ10 3 m 2 (nϭ11). Consistent with our previously published proatherogenic role of SR-BI in small foam cellrich lesions, disruption of SR-BI in bone marrow-derived cells in LDLr KO mice on chow diet resulted in slightly smaller atherosclerotic lesions (62Ϯ7ϫ10 3 m 2 , nϭ12, PϽ0.05). Deletion of ABCA1 led to a significant 1.5-fold increase in lesion size (127Ϯ18ϫ10 3 m 2 , nϭ11, PϽ0.05) . In contrast to the result obtained in mice fed WTD, no added effect of combined deletion of ABCA1 and SR-BI in bone marrow-derived cells was found in LDLr KO mice on chow (140Ϯ22ϫ10 3 m 2 , nϭ11) as compared to single deletion of ABCA1. Also at 20 weeks after transplantation, no added effect of combined ABCA1 and SR-BI deletion was found on chow as compared to single deletion of ABCA1 (data not shown).
Under chow conditions, similarly increased foam cell accumulation was also observed in the peritoneal cavity of ABCA1 KO and ABCA1/SR-BI double KO transplanted animals (1.1Ϯ0.11% [nϭ11] and 1.3Ϯ0.22% [nϭ10], respectively, as compared to 0.15Ϯ0.02% [PϽ0.001, nϭ11] and 0.25Ϯ0.07% [nϭ11, PϽ0.001] for WT and SR-BI KO transplanted mice). Foam cell counts, however, were much less as compared to the levels in transplanted animals challenged with WTD. No effect on total peritoneal leukocyte counts was observed (data not shown) and neutrophil counts remained low (Ϸ5% in all groups). Furthermore, no lipid accumulation was observed in the spleens nor a change in spleen size was observed of ABCA1/SR-BI double KO transplanted animals. The WTD challenge is thus essential to induce the enhanced foam cell formation, atherosclerotic lesion development, and inflammation in LDLr KO mice on combined deletion of ABCA1 and SR-BI in bone marrow-derived cells.
Discussion
In the present study, we show that specific disruption of both ABCA1 and SR-BI in bone marrow-derived cells of LDLr KO mice led to an added increase in atherosclerotic lesion development in the aortic root on challenge with WTD, compared to single ABCA1 KO or SR-BI KO reconstituted LDLr KO mice, despite lower serum cholesterol levels. Massive lipid accumulation was found in peritoneal macro- phages, as well as macrophages in the red pulp of the spleens of LDLr KO animals reconstituted with ABCA1/SR-BI double KO bone marrow. Furthermore, in addition to the lipid parameters, a significant increase in inflammation markers was noticed in the ABCA1/SR-BI double KO transplanted mice on WTD, which is expected to have contributed to the observed dramatic increase in lesion development. In line with these findings, no enhanced foam cell formation and atherosclerotic lesion development was observed on combined deletion of ABCA1 and SR-BI as compared to single deletion of ABCA1 in bone marrow-derived cells in LDLr KO mice fed regular chow diet that did not show enhanced inflammatory markers. It is important to note that this might also be the consequence of the less advanced stage of lesion development in the animals on chow. In our earlier published studies, we found that SR-BI in bone marrow-derived cells induces early lesion development, does not affect intermediate lesions, and protects against the development of advanced lesions in the aortic root of LDLr KO mice. 15 Furthermore, the site examined for atherosclerosis determines the outcome, because no additional effect of combined deletion of ABCA1/ SR-BI over single ABCA1 deletion was observed in lessadvanced lesions in the aortic arch, thoracic aorta, and coronary arteries of LDLr KO mice challenged with WTD. SR-BI on bone marrow-derived endothelial progenitor cells is important for endothelial regeneration 24 and HDL stimulates endothelial cell migration in an NO-independent manner via SR-BI. 25 Although, previously, no site-specific atheroprotective effects of endothelial progenitor cells were reported, 26 it cannot be excluded that deletion of SR-BI in bone marrowderived cells might accelerate lesion development as result of site-specific effects on endothelial repair by bone marrowderived endothelial progenitor cells.
The massive lipid accumulation in peritoneal leukocytes and the red pulp of spleens on combined deletion of ABCA1 and SR-BI in LDLr KO mice on WTD highlights the pivotal role of these transporters in cellular lipid homeostasis in vivo under high dietary lipid conditions. Furthermore, it is interesting to speculate that the presence of ABCG1 is not sufficient to compensate for the absence of these 2 cholesterol transporters under these conditions. ABCA1 stimulates the active transport of both cholesterol and phospholipids from the cell to lipid-poor apoAI, but only little to mature HDL. 2 SR-BI and ABCG1, on the other hand, require a phospholipid-containing acceptor, like mature HDL, to induce cholesterol efflux. 2 In vitro studies showed that the transfer of lipids to apoAI mediated by ABCA1 activity is sufficient to generate an efficient acceptor for ABCG1mediated cholesterol efflux. 27, 28 ABCA1 and ABCG1 thus function sequentially in the cholesterol efflux process in which ABCA1 first lipidates apoAI, thereby forming a substrate for ABCG1 mediated efflux. 2 The similarity in acceptor specificity between ABCG1 and SR-BI would suggest that SR-BI also cooperatively works with ABCA1 in cholesterol export. However, recent siRNA-mediated knockdown studies using the RAW macrophage cell line suggested that the interaction of lipid-free apoAI with ABCA1 generates a particle that interacts with ABCG1, but not with SR-BI. 29 However, the observed massive in vivo lipid loading in peritoneal leukocytes and spleens, as well as the increased atherosclerotic lesion development in the aortic root of ABCA1/SR-BI double KO transplanted animals on WTD, indicate that combined deletion of ABCA1 and SR-BI in bone marrow-derived cells does have an added effect on foam cell formation in vivo. Cholesterol efflux studies showed that combined deletion of ABCA1 and SR-BI leads to a complete ablation of apoAI-induced cholesterol efflux, similar to that observed on single deletion of ABCA1. However, in addition, a moderate reduction in HDL cholesterol efflux could be observed. It is tempting to speculate that the increased foam cell formation observed in vivo is the result of the combined impairment of both apoAI and HDL-mediated efflux. However, because the effects observed on cholesterol efflux in vitro were relatively small, it cannot be excluded that in addition to effects on cholesterol efflux, other mechanisms also contribute to the increased foam cell formation observed in the ABCA1/SR-BI double KO transplanted animals. Remarkably, enhanced in vivo foam cell formation in the peritoneum and spleen was observed on combined deletion of ABCA1 and SR-BI in bone marrowderived cells, despite the presence of ABCG1. On the other hand, in recent studies with ABCA1/ABCG1 double KO transplanted animals, we and others showed that combined deletion of ABCA1 and ABCG1 in bone marrow-derived cells also results in massive foam cell formation despite the presence of functional SR-BI. [12] [13] [14] It can be anticipated that ABCG1 and SR-BI might have different roles in cholesterol homeostasis at different stages of macrophage foam cell formation. As shown previously, the role of macrophage SR-BI in atherosclerotic lesion development is dual: it accelerates early atherosclerotic development, 15 while it slows down the progression of more advanced lesions. [15] [16] [17] In agreement, in the present study, the percentage of peritoneal macrophages with a single SR-BI deletion that are transformed into foam cells appear to be reduced. SR-BI is a multifunctional receptor capable of binding a wide array of native and modified lipoproteins, as well as mediating the bidirectional flux of cholesterol. This leads to the unique function of macrophage SR-BI that it can facilitate initial lesion formation by inducing the uptake of proatherogenic lipoproteins by macrophages 15 and inhibit more advanced lesion formation by promoting cholesterol efflux when foam cells are heavily loaded with cholesterol.
Alternatively, SR-BI and ABCG1 might efflux cholesterol from different specific cellular compartments or functionally distinct cellular pools of cholesterol. Wang et al showed that LDL cholesterol is preferentially effluxed to HDL, whereas cholesterol from modified acetylated LDL is primarily effluxed to lipid-poor apoAI in an ABCA1-dependent fashion. 30 In agreement, SR-BI only mediated LDL-cholesterol efflux and not acetylated LDL cholesterol efflux. 31 However, it is currently unknown whether SR-BI and ABCG1 mediate efflux from distinct or similar cellular cholesterol pools. On combined deletion of ABCA1 and SR-BI, massive foam cell formation was primarily observed in peritoneal leukocytes and macrophages of the red pulp in the spleen. Interestingly, combined deletion of ABCA1 and ABCG1 in bone marrowderived cells of LDLr KO mice resulted not only in massive e28
Circulation Research December 10, 2010 oil red O-positive lipid staining in peritoneal leukocytes and macrophages of the red pulp of the spleen, but also in other tissues rich in macrophages, including the liver, lymph nodes, lamina propria of the intestine, and Peyer patches. 12 Importantly, in contrast to ABCA1/SR-BI double KO transplanted LDLr KO mice, ABCA1/ABCG1 transplanted animals did display foam cell accumulation in macrophage-rich organs on chow diet, although less extreme than when challenged with WTD (unpublished observation from our group, 2010). Thus, although the similarity in acceptor specificity of SR-BI and ABCG1 suggests possible redundancy of these transporters on macrophages for cholesterol efflux to HDL, the biological environment of the macrophage and possibly the availability of substrates also apparently influence the in vivo importance of SR-BI and ABCG1. Generation of ABCG1/SR-BI double KO mice, ABCA1/ABCG1/SR-BI triple KOs, and ABCA1/ SR-BI double KO mice overexpressing ABCG1 is expected to shed further light on the (in)dependent roles of these cholesterol transporters in macrophage foam cell formation and atherosclerosis. Atherosclerotic lesion development results from a combination of hyperlipidemia and an inflammatory response. In LDLr KO mice reconstituted with ABCA1/SR-BI double KO bone marrow, excessive atherosclerosis develops in the aortic root, despite largely reduced serum cholesterol levels. Interestingly, the proinflammatory cytokines KC (murine IL-8) and IL-12p40 were greatly elevated in LDLr KO mice transplanted with ABCA1/SR-BI double-deficient bone marrow. Both IL-12 and IL-8 are important proatherogenic cytokines. Daily administration of IL-12 promotes atherosclerosis in young apoE KO mice, 32 whereas targeted deletion of IL-12 and vaccination against IL-12 attenuates atherosclerotic lesion development in murine models of atherosclerosis. 33, 34 IL-8 is a powerful, independent predictor of cardiovascular events. 35 Furthermore, deletion of KC (murine IL-8) in LDLr KO mice attenuates atherosclerosis. 36 Interestingly, IL-8 production is dose-dependently induced in human macrophage foam cells as a response to cholesterol loading with modified LDL, suggesting that the observed increase in KC (murine IL-8) levels are a direct effect of the massive foam cell formation in the ABCA1/SR-BI double KO transplanted animals. 37, 38 Excessive free cholesterol accumulation in macrophage foam cells induces cytokine secretion as a result of endoplasmic reticulum stress triggered by excess cholesterol in the endoplasmic reticulum. 39 No effect of combined ABCA1/SR-BI deficiency was observed on free cholesterol loading. Therefore, it is unlikely that increased endoplasmic reticulum stress as a result of excess free cholesterol is the general cause for the increased cytokine production. Alternatively, KC (murine IL-8) secretion by macrophages could be induced as a result of increased accumulation of oxysterols, including 25-hydroxycholesterol, 7␤-hydroxycholesterol, and 7-ketocholesterol. 40 KC (murine IL-8) triggers monocyte arrest on early atherosclerotic endothelium 41 and plays a central role in macrophage accumulation in established fatty streak lesions. 42 Interestingly, IL-8 is also one of the most potent chemoattractants for neutrophils 43, 44 and the increased levels of KC (murine IL-8) in the ABCA1/SR-BI double KO transplanted animals clearly parallel the increased accumula-tion of neutrophils in the peritoneal cavity. Neutrophils are short-lived phagocytic cells that serve as essential early cellular effectors of innate immunity and constitute the "first line of defense." The sequestration of neutrophils into the peritoneal cavity is thus most likely a protective response induced by the accumulation of heavily lipid-laden peritoneal macrophages in absence of both SR-BI and ABCA1. Interestingly, neutrophil activation is increased in patients with significant coronary stenosis, 45 and enhanced neutrophil infiltration is observed in culprit lesions in acute coronary syndromes, 46 suggesting an important role for neutrophils in atherosclerosis. In agreement, neutrophil depletion reduces atherosclerotic lesion development in apoE KO mice. 47 Although a clear increase in neutrophil accumulation was observed in the peritoneal cavity in ABCA1/SR-BI double KO transplanted mice, within the atherosclerotic lesions and in the adventitia surrounding the lesion, no significant increase in the amount of neutrophils was observed based on esterase activity. Immunohistochemical staining for the neutrophil-specific marker Ly-6G did show a significant increase in the Ly-6G-positive area of lesions of ABCA1/ SR-BI double KO versus WT transplanted animals. Ly-6Gpositive staining was primarily localized in acellular regions of the corners of the necrotic areas of the lesions, suggesting the increased presence of residues of neutrophils that had infiltrated the lesion. Necrotic core formation during lesion development can in turn elicit an inflammatory response, which could further increase the recruitment of neutrophils. Analysis of the potential contribution of neutrophils locally in the arterial wall to the excessive atherosclerotic lesion development in mice with a combined deletion of ABCA1 and SR-BI in bone marrow-derived cells forms an interesting future challenge.
In addition to the observed increase in the proinflammatory cytokines KC (murine IL-8) and IL-12p40, we also observed an increase in the antiinflammatory cytokines IL-5 and IL-10, probably as a feedback reaction to control the inflammatory response. Interestingly, several lines of evidence suggest that pro-and antiinflammatory cytokines can affect the amount of circulating lipids. Previously, we have shown that IL-10 overexpression in LDLr KO mice results in a significant reduction in plasma cholesterol levels. 48 Interestingly, the ABCA1/SR-BI double KO transplanted animals with the highest IL-10 concentrations also had the lowest serum cholesterol levels. Furthermore, chronic inflammation is associated with reduced serum cholesterol levels. 49 Although the mechanism of the inflammation-induced reduction in serum cholesterol levels is still largely unclear, it might have contributed to the lower serum cholesterol levels observed in this study. A recent study by Lo et al showed that disruption of the production of the potent proinflammatory cytokines LIGHT and lymphotoxin, leading to reduced T-cell numbers, reduces serum cholesterol levels, was associated with increased hepatic lipase levels. 50 Combined disruption of ABCA1 and SR-BI in bone marrow-derived cells, however, did not affect T-cell counts nor hepatic lipase expression in the liver. In contrast, we showed that food intake, intestinal lipid absorption, and HMG-CoA expression and VLDL production by the liver were reduced, all processes that are likely to have contributed to the observed reduction in serum cholesterol levels in the ABCA1/SR-BI double KO transplanted animals.
In conclusion, despite lower serum cholesterol levels, combined deletion of ABCA1 and SR-BI in bone marrowderived cells induces massive foam cell formation and promotes inflammation and atherosclerotic lesion development in LDLr KO mice challenged with a WTD, indicating that both macrophage ABCA1 and SR-BI contribute significantly to healthy cholesterol homeostasis in the macrophage in vivo and are essential for reducing the risk for atherosclerosis.
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